The thermal emittance and temporal response of a photocathode set an upper limit on the maximum achievable electron beam brightness from a photoemission electron source, or photoinjector.
I. INTRODUCTION
Electron linear accelerators (linacs) are known for their ability to preserve a small 6D phase space during acceleration of the beam. The key to a number of applications that utilize linacs is the production of a high brightness, low emittance electron beam. Photoinjectors, which house a photocathode in a high electric field environment, are presently the technology of choice for generation of low emittance, short (∼ ps) duration electron bunches. The brightness achievable from a photoinjector results from the interplay of several phenomena: the photoemission process itself, space charge effects in the vicinity of the photocathode, and subsequent beam transport and bunch compression. The emittance growth resulting from the space charge forces acting within a bunch is strongly correlated with longitudinal position in the bunch. This correlated emittance growth can be largely reversed by properly chosen beam optics 1 . By suitably shaping the 3D laser distribution incident on the photocathode 2,3 , the uncorrelated emittance growth can be minimized. The limitations due to the photoemission process itself cannot be removed with electron beam optics, and both the transverse momentum spread and temporal response of the emitted electrons, to the extent that the latter limits the effectiveness of temporal shaping of the laser pulse, are of fundamental importance for low emittance photoinjectors. Recent computational optimizations have shown that it is possible to construct an electron injector based on a very high voltage DC photoinjector in which the final beam emittance is dominated by the thermal emittance from the photocathode 4 . Assuming a very short duration pulse near the cathode, the lowest normalized rms emittance, n,x , for a flat-top transverse laser shape illumination is given by
where q is the bunch charge, k B T ⊥ is the (transverse) beam thermal energy, E cath is the electric field at the cathode, 0 and m e c 2 are the vacuum permittivity and the electron rest energy respectively.
In NEA photocathodes, electrons photoexcited into the conduction band of p-type semiconductors rapidly thermalize to the conduction band minimum (CBM) due to inelastic phonon collisions, and the NEA condition allows these thermalized electrons to escape into vacuum 5 . As a result, the transverse momentum spread can be very low, and the beam (transverse) temperature can approach that of the semiconductor lattice when excited with the photons of near band gap energy. This ability to produce cold beams makes NEA photocathodes appealing for low emittance photoinjectors. The thermal emittance, however, depends on the illuminating wavelength, the degree of negative affinity, and the band structure of the photocathode material. It is also known that photoemission with photons of near band gap energy results in a long temporal tail that extends into 100 ps range 6 . Such a long response time can render temporal shaping of the laser pulse illuminating the cathode ineffective, increasing the uncorrelated space charge forces acting on the beam and reducing the overall performance of the electron source. The reason for this long response time is that absorption of near band gap energy photons in the semiconductor is relatively low, exciting electrons to the conduction band over a considerable depth in the material, and these electrons must diffuse to the semiconductor surface to be emitted. Since the photon absorption in direct band gap semiconductors is a strong function of photon energy, the response time should depend strongly on the wavelength of illuminating light. Finding the optimum wavelength of the laser thus depends on the detailed behavior of the thermal emittance and photoemission response time with laser wavelength, and represents one of the motivations for the present work.
Several authors have reported measured thermal emittance or mean transverse energy (MTE) of NEA GaAs, including more recently [7] [8] [9] . Most of the measurements have been done with near band gap energy photons, and some disagreement with earlier measurements exists. In part, this can be attributed to different NEA cathode preparation techniques, varying electron affinity, and the more general challenge of characterizing beams with very low transverse momentum spread. Likewise, the published results of GaAs photoresponse times are either limited to photon energies near the band gap 6 or inconclusive 10 .
Two different methods, measurement of the transverse beam size downstream of a solenoid lens whose strength is varied, and a direct transverse phase space mapping with double slits, have been applied to measure the thermal emittance of NEA GaAs and GaAsP cathodes in a high voltage DC gun. These measurements have been carried out for a range of wavelengths using multiple laser spot sizes, as well as different transverse profiles. In addition,
for the transverse beam size measurements we used two different view screen materials and a wire scanner. We detail our experimental methods for measuring transverse emittance in Section II. A new method for inferring photoemission response time from these photocathodes is described in Section III. The strong space charge of a bunch produced with a sub-picosecond laser pulse will preclude accurate measurements of intrinsic transverse emittance. The same effect, if properly characterized, can be used to infer the photoemission response time by fitting the solenoid scan data with results of particle tracking simulations that include the cathode response time as a fit variable. A convenient analytical expression for the photocathode response function in the context of a diffusion model is provided.
Finally, we conclude with a discussion and outlook for the future work.
II. THERMAL EMITTANCE

A. Notations
The normalized rms emittance of the beam in one transverse plane is defined as:
where x and p x are the transverse position and momentum of an individual particle, and . . . The correlation term in Eq. (2) is absent at the photocathode surface, so we write the thermal emittance as
Here σ x ≡ x 2 is the rms laser spot size on the cathode.
We use the definition of the cathode thermal energy as given by Eq. (3) throughout this work. Occasionally, more complex formulas have been introduced with the intention of relating photon energy, band gap and electron affinity to the transverse thermal energy of the cathode assuming the absence of inelastic processes for electrons in the photocathode 9 .
Since such an assumption may not be satisfied in the photocathodes under study, we chose the simpler definition here. Also, for comparison with other references, note the absence of a factor of 2 next to k B T ⊥ in Eq. (3).
B. Experimental Setup
Cornell University is planning the construction of an ultra-bright x-ray light source based on the Energy Recovery Linac (ERL) concept 11, 12 The measurements reported here were mostly done at a gun voltage of 250 kV.
The beam line section directly after the gun is used for the photocathode studies, and is shown in Fig. 1 . Two identical solenoids are located back-to-back after the gun. They are wired so that the magnetic field integral is cancelled to avoid rotation of the beam.
The beam transverse profile measurements were performed using two different methods: A circular aperture illuminated by a laser was 1:1 imaged onto the photocathode, and provided a convenient means of changing the spot size for the thermal emittance measurements. Alternatively, an adjustable telescope was used to relay a Gaussian profile laser beam onto the cathode. For each electron beam data set, the laser beam was diverted after the last lens and imaged at the same distance from the lens as the photocathode, using a 10-bit CCD camera. Typical laser spot profiles are shown in Fig. 2 for an imaged circular aperture and the full Gaussian beam after the telescope.
Two cathodes have been used in these studies: GaAs and GaAsP. GaAs wafers with Zn doping between 6.3 × 10 18 and 1.9 × 10 19 cm −3 were activated in the preparation chamber of a load-lock system connected to the gun. A yo-yo preparation with cesium and nitrogen trifluoride gave typical initial quantum efficiencies of 10% at 532 nm. GaAsP photocathodes were activated in a similar fashion. The GaAsP was epitaxially grown by MBE on GaAs substrates to a thickness of 2 µm. The phosphorus concentration was ∼ 45% with a p-doping level of 2 − 4 × 10 18 cm −3 . A 2 µm transition layer with graded phosphorus concentration separated the GaAs substrate and the GaAsP active layer to eliminate the strain resulting from the lattice mismatch between GaAs and GaAsP.
C. Method
In the case of decoupled motion and in the absence of space charge and beam dispersion, the n measurements of transverse rms beam sizes σ (i)
x at location z 1 corresponding to i = 1, 2, . . . , n different optics settings between positions z 0 and z 1 are related to unknown σ-matrix elements β x x , α x x , γ x x at location z 0 by the elements of a 2 × 2 transfer matrix
for the transverse position and angle as
Here the n-component column vector
and the column vector s x ≡ (β x x , −α x x , γ x x ) T , where β x , α x , and γ x are Twiss parameters and x is the geometric rms emittance, which is related to the normalized emittance by x = n,x m e c/p z , where p z is the longitudinal momentum. Introducing normalized quantitiesΣ
, where j = 1, 2, 3 and σ
is the rms error of Σ
2 , the least-square solution to Eq. (4) is written as
where n × n covariance matrix T x ≡ (B T xB x ) −1 . The error propagation in the emittance measurement, σ x , is achieved via
e.g. ∇ sx x = (γ x /2, α x , β x /2) T , where in terms of s x elements:
The transfer matrices were calculated for the actual magnetic field profile of the two back-to-back identical solenoids 16 . Fig. 3 ). This family of curves provides a better fit than a simple
Gaussian to the measured electron beam profiles obtained for non-Gaussian laser spots on the cathode. The largest measurement uncertainty in determining the beam size is estimated to be 2%. The measurement uncertainty was propagated in a χ 2 -fit to the emittance according to the Eq. (6). Typical errors on the emittance add up to 4% for the wire scanner and 5%
for the view screen measurements. The thermal energy was determined from the slope of a line passing through the origin and χ 2 -fitted to the emittance vs. the laser spot size.
The double slit measurement provides a full map of the transverse phase space. Fig. 4 shows typical transverse phase space maps for both cathode types obtained by the double slit measurements. Noise and background subtraction are important when calculating the rms emittance using 2D intensity maps. We employ a self-consistent, unbiased rms emittance analysis (SCUBEEx) 17 . In this method, an ellipse that contains the data is varied in size.
The regions outside of the ellipse are treated as noise, and its average value is subtracted from the whole data. The rms emittance is calculated as a function of the encompassing ellipse area. When the ellipse is large enough to include the full beam, the calculated emittance should not depend on its size assuming the noise is uncorrelated in nature, and the value so found represents the 100% rms emittance. To establish confidence in the emittance measurement procedure, we have performed a crosscheck of the different measurement techniques: a solenoid scan using both a view screen and the wire scanner, and the direct transverse phase space mapping with double slits. Measurements taken with different laser spot sizes and profiles are shown in Fig. 5 .
Most of remaining thermal emittance measurements reported here are made using the wire scanner and solenoid scan method.
D. Results
Fig . 6 shows the thermal emittance measurements for GaAs. The typical quantum efficiency (QE) is around 5% at 532 nm for these measurements. We have observed some changes in the cathode thermal energy due to varying QE for GaAs and more noticeably for GaAsP. Fig. 7 shows the thermal emittance measurements for GaAsP at different wavelengths and for 1% and 6% QE. The change in the thermal energy is outside of the measurement error and is thought to be due to varying surface conditions, and in particular the value of NEA. mm diameter using the Ti:sapphire laser. Fig. 9 shows the transverse thermal energy of GaAsP for laser wavelengths between 460 and 633 nm.
III. PHOTOEMISSION RESPONSE A. Diffusion Model
Following the three-step model of photoemission 18 , a diffusion model has been used to explain the measured photoemission temporal response curves from GaAs illuminated by near band gap energy photons 6 . Although the value for the diffusion coefficient obtained from fitting the data differed from published values for heavily p-doped material, this theoretical model was able to reproduce the measured temporal response profiles extremely well. In this section we will provide a convenient analytical form of the photoemission response function in the framework of this theory. Assuming that the temporal distribution of the photoemitted electrons is dominated by electron diffusion over the full range of wavelengths available to us, we were able to infer the photocathode response time from beam size measurements in our well-characterized beam line by comparing them to simulations of the space charge effect in case of a tightly focused laser spot and electron bunches of about 100 fC charge.
Following Ref. 6 , we solve the simplified diffusion equation for the electron concentration, c(h, t), in the bulk of the photocathode after excitation from a delta-function laser pulse arriving at t = 0:
The following initial and boundary conditions apply: c(h, t = 0) = c 0 e −αh and c(h = 0, t) = 0. Here, D is the electron diffusion constant, α is the optical absorption coefficient. The problem is treated as a one-dimensional transport problem, with h being the spatial coordinate perpendicular to the cathode surface. Additional approximations leading to Eq. (8) include neglecting electron recombination due to its very long time scale compared to the emission process, and ignoring the time for the laser pulse to travel inside the photocathode material (fs scale). The boundary condition c(h = 0, t) = 0 reflects the NEA nature of the surface, whereas the actual photoemission current is proportional to
Here we assume a crystal thickness very large compared to α −1 .
The problem has an exact analytical solution for the photoemission current, which is given by
with normalized time κ ≡ t/τ , where τ ≡ α −2 D −1 , and erfc(ξ) being the complementary
The function is singular at t = 0, and the actual temporal response profile is given by the convolution of the laser pulse with the profile given by Eq. 10. The fraction of the pulse P (κ) emitted after time t = κτ from the arrival of a delta-function laser pulse is given by
A plot of P (t) vs. time in units of τ is shown in Fig 10. The response is characterized by both a very fast component as well as a relatively long tail. The characteristic time τ corresponds to photoemission of 57% of the pulse, while 10τ corresponds to 83%.
B. Method
Conventional measurements of the photoemission response time typically require a transverse deflecting RF structure to produce a streak-camera action relating arrival time to transverse displacement, and a well-synchronized laser providing ultra-short pulses. Accurate temporal measurements with picosecond resolution are not routine.
Here we propose and demonstrate a new technique which relies on using the space charge effect. Figure 11 presents beam-tracking simulations that illustrate the basic principle. A tightly focused (0.12 mm rms) laser spot produces short electron bunches of known charge. The beam size evolves under the influence of the external electromagnetic fields, as well as the internal space charge forces. The transverse space charge force is proportional to the peak current, which in turn is related to the bunch duration. Fig. 11(a) shows the space charge calculations for a bunch emitted from the photocathode, and transported through the gun and solenoid to the wire scanner located 1.790 m from the cathode using the space charge code ASTRA 19 . The fields in the gun and solenoid were calculated using static field finite element solver POISSON 20 . The magnetic field profile of the solenoids has been measured and found to be in excellent agreement with the calculations 16 . Fig. 11(b) shows the sensitivity of the spot size at the wire scanner on the parameter τ for a 100 fC bunch and with the solenoids unpowered. Since it is possible to measure changes in the rms transverse beam size as small as tens of µm, the method is quite sensitive to the photoemission response time, especially for prompt emitters. A great advantage of this technique is that the RF deflecting structure and synchronized laser are not required. The disadvantage is the required assumption of the initial temporal profile shape.
The measurements were carried out as follows. Solenoid scans of the electron beam size were performed with short laser pulses providing approximately 100 fC bunches at two different voltages, 200 and 250 kV. The laser was operated either CW (giving a negligible space charge), or with a very short duration, small bunch charge. The measured laser transverse profile was used to generate a quasi-random initial electron distribution for the space charge code. The data in the case of negligible space charge forces was χ 2 -fitted using the beam tracking code with space charge forces turned off to find k B T ⊥ . The thermal cathode energy so found was consistent with measurements reported in the previous Section. This value was then inserted into the code for the χ 2 -fit to the data with 100 fC per bunch, where the fit could then be made with only one free variable, τ . The initial temporal distribution was found by convolution of the known laser pulse duration with the photoemission response as given by the Eq. 10. To resolve the fine features of the photoemission temporal profile, the longitudinal space charge mesh size was specified to be 200. The agreement in the value of τ obtained for different gun voltages indicates the consistency of the method.
C. Results
The results are summarized in Tables I and II . Fig. 12 shows a fit of the measured data in the case of GaAs excited by 100 fs laser pulses for two different gun voltages. The good agreement between the two values strongly supports the validity of the method. The rather large uncertainty in τ for GaAs at 860 nm is primarily due to the poor sensitivity of the method for very long response times, as shown in Fig. 11(b) . We note that the GaAs response time so determined is in reasonable agreement with previous RF deflection measurements with near bandgap energy photons 6 .
In the case of 520 nm for both GaAs and GaAsP, and 460 nm for GaAs and 400 nm for GaAsP, the fitted response could only be assigned an upper limit. In all these cases, excellent fits to the data were possible by assigning the initial temporal electron distribution to follow the known laser pulse duration exactly, as shown in Fig. 13 . For these cases we estimate τ ≤ 0.14 ps for 400 and 460 nm, and τ ≤ 1 ps for 520 nm. The measured transverse thermal cathode energy for GaAsP is consistently higher than that of the bulk GaAs despite the fact that the bandgap of GaAsP, which undergoes a transition from direct to indirect gap for 45% phosphorus concentration, is more closely matched to the shorter laser wavelength than GaAs. The larger k B T ⊥ obtained from GaAsP photocathodes is consistent with previous measurements of the energy spectra of emitted electrons using a parallel-plate geometry 21 . The authors in that reference suggest a larger amount of scattering before emission to be the cause. Their speculation is that this is due to a wider band-bending region, caused by increased NEA, as well as greatly increased intervalley scattering due to the high-mass X and L valleys being closer to the Γ valley in comparison with GaAs. Nevertheless, the detailed mechanism for the higher energy spread is not understood.
The measured photoemission response from the two NEA photocathodes displays a very strong dependence on the laser wavelength. This is not surprising given that the absorption in GaAs changes by more than an order of magnitude over the range of wavelengths under study. Thus, the expected and observed change in the response time is over two orders of magnitude.
In the future, we plan to conduct detailed studies of the temporal profile of emitted electrons from GaAs and GaAsP at 520 nm wavelength using a deflecting RF cavity.
V. SUMMARY
By measuring one of the important parameters for advanced accelerator applications of the photocathodes, namely, the thermal emittance, we have evaluated the potential of NEA photocathodes for very high brightness beam production. The space charge effect in short bunches has allowed us to deduce the temporal response time of these photocathodes. Both
GaAs and GaAsP are found to be prompt emitters (< ps) for wavelengths less than 520 nm. The information on the cathode thermal energy and the response time will aid the optimal choice of laser wavelength for various photoinjector designs utilizing low emittance NEA photocathodes. 
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